Although arguably the most important reaction in glycoscience, chemical glycosylations are among the least well understood of organic chemical reactions resulting in an unnecessarily high degree of empiricism and a brake on rational development in this critical area. To address this problem primary 13 C kinetic isotope effects now have been determined for the formation of β-and α-manno-and glucopyranosides by a natural abundance NMR method. In contrast to the common current assumption, for three of the four cases studied the experimental values concur with those computed for associative displacement of the intermediate covalent glycosyl trifluoromethanesulfonates. For the formation of the α-mannopyranosides the experimentally determined KIE differs significantly from that computed for an associative displacement, which is strongly suggestive of a dissociative mechanism that approaches the intermediacy of a glycosyl oxocarbenium ion. The application of comparable experiments to other glycosylation systems should shed further light on their glycosylation mechanisms and thus assist in the design of better reactions conditions with improved stereoselectivity.
one of the least well understood 11, 12 and most empirical 13 in the science of organic chemistry. Excepting so-called alternative methods, 10 essentially all discussions of glycosidic bond formation invoke the glycosyl oxocarbenium ion, 14, 15 but this oft computed [16] [17] [18] key intermediate has yet to be observed directly. 14, 19 In reality, glycosylation reactions are probably best considered as taking place by a range of mechanisms with more or less tightly associated transition states between the two formal extremes of the S N 1 and S N 2 pathways, with the position of any particular example on this spectrum determined by a number of factors including protecting groups, solvents, leaving group and promoter. 14, 15 In the absence of any direct observation of glycosyl oxocarbenium ions we fall back on indirect methods and reaction kinetics, but these are typically complicated by the (at least) threecomponent nature of most glycosylation systems that involve a glycosyl donor, acceptor, and a promoter. We report here on the use of primary 13 C kinetic isotope effect (KIE) measurements in which the extent of 12 C/ 13 C isotopic fractionation at the anomeric position in the course of a glycosylation reaction is determined and, with the aid of quantum chemical calculations, used to assign more or less tightly associated transition states to particular cases. To avoid the need for synthesis of isotopically enriched substrates the experiment is conducted at natural abundance by very high field NMR spectroscopy (200 MHz operating frequency for 13 C measurement). Overall, the technique provides insight into the mechanism of an important glycosylation reaction and its dependence on substitution pattern.
Results and Discussion
Our demonstration that the 4,6-O-benzylidene-directed β-mannopyranosylation reaction [20] [21] [22] proceeds via the coupling of a highly reactive α-mannosyl triflate 23, 24 with an acceptor alcohol without the need for a promoter provided a rare opportunity to study an important class of glycosylation reaction in detail. The rapidity of the reaction at low temperatures and the absence of a suitable chromophore excluded the possibility of simple kinetic measurements for the determination of reaction order and focused our attention on the measurement of KIEs by NMR methods, [25] [26] [27] preferably at natural abundance so as to avoid the time-consuming and expensive synthesis of labeled compounds. 28, 29 Problems of sensitivity and resolution (500 MHz 1 H operating frequency) limited our earlier work to the observation of secondary 2 H KIEs and even then required the laborious synthesis of samples enriched in deuterium. 30 With an 800 MHz ( 1 H operating frequency) NMR spectrometer and cryogenic probe technology at our disposal, we have now succeeded in determining primary 13 C KIE's at natural abundance for benzylidene-directed glycosylation reactions in the glucose and mannose series and show that mechanism is a function of donor stereochemistry and in the mannose series differs for the two anomeric products. The 4,6-O-benzylidene protected mannosylsulfoxide 1 was prepared as previously described 23 and converted at −72 °C in dichloromethane solution to the α-glycosyltriflate 2 by the addition ofan excess of trifluoromethanesulfonic anhydride (Tf 2 O) in the presence of 2,4,6-tri-tert-butyl pyrimidine (TTBP) 31 as a mild, hindered, non-nucleophilic base. The acceptor, 2-propanol, was then added in quantities so as to ensure partial conversion of triflate 2 to the α-and β-glycosides 3 and 4 before the reaction was quenched at −72 °C by the addition of saturated aqueous NaHCO 3 (Table 1) . After work up, the extent of conversion was determined by integration of the 1 H NMR spectrum of the crude reaction mixture (800 MHz) against the internal standard 4,4,5,5-tetramethyl-2-(1-naphthyl)-1,3-dioxolane, and the products isolated chromatographically. The 13 C NMR spectra of the two anomeric products were then recorded and the integrals were determined for the remote benzylidene carbon, employed as an internal standard, and the anomeric carbon, in both the products, and compared with those previously determined in the same manner for the starting sulfoxide. Use of the standard equation for KIE determination based on the observation of reaction products (eq 1), where F 1 is the fractional conversion and R 0 and R p the ratio of the anomeric and benzylidene carbon integrals in the substrate and product respectively, 27 afforded the results presented in Table 1 for the α-and β-mannopyranoside products. Eq 1. Comparison of the results presented in Tables 1 reveals that the primary 13 C KIE values for the α-and β-mannoside products are distinctly different, suggesting different mechanisms for the formation of the two anomers. The values for the β-anomer 4 fall close to the range (1.03-1.08) expected for a bimolecular(S N 2) reaction, 25 while those for the α-anomer 3 are closer to the expected values (1.00-1.01) of a unimolecular (S N 1) reaction. 25 It is also evident from inspection of Table 1 that the ratio of the two products depends on the amount of Tf 2 O employed with lower β:α ratios occurring when more Tf 2 O was employed. We interpret this observation, which was deliberately exploited in order to obtain sufficient amounts of the minor α-anomer for the NMR experiments, as being due to the competing triflation of the alcohol, which reduces its concentration and so retards the bimolecular reaction. This is consistent with formation of the α-product being zero order in alcohol (S N 1), while that of the β-product depends on the alcohol concentration (S N 2), and therefore with the KIE measurements.
In contrast to mannopyranosylation, 21, 22 in the glucopyranose series the presence of a 4,6-O-benzylidene acetal results in preferential α-glycoside formation most likely reflecting a shift in mechanism. Hence, we examined the formation of the α-and β-glucosides 7 and 8 from the sulfoxides 5, via the triflate 6, by the same 13 C NMR KIE technique leading to the data presented in Table 2 . 32 Unlike the case of the mannopyranosides, the observed 13 C KIEs in the glucose series are at the lower end of the range expected for a bimolecular reaction for both the α-and β-series. As the formation of mannosyl and glucosyl triflates from sulfoxides is unaffected by either the anomeric configuration or the configuration at sulfur of the sulfoxides employed, [21] [22] [23] [24] for preparative reasons the equatorial sulfoxides 5 were employed for the work in the glucose series (Table 2) , whereas the axial sulfoxide 3 was used in the mannose series (Table 1) .
To complement the experimental data, and assist in its interpretation, we carried out density functional theory computations of possible transition state structures for glycosylation. We selected the B3LYP/6-311++G(3df,3pd)//B3LYP/6-31G(d,p) level [32] [33] [34] as a compromise between speed and accuracy as it is sufficient for reproduction of the anomeric effect, 16 but fast enough to survey the dozens of possible trajectories for the reactions of both anomers of each glycosyl donor. We also employed a self-consistent reaction field throughout the structure optimizations to capture any bulk medium effects imposed by the solvent used in the experiments above. The four lowest energy transition state structures identified for the formation of α-and β-mannosides and the corresponding glucosides are shown in Figs 1A-D, along with the calculated 13 C (and 2 H) KIEs (which were indistinguishable whether calculated using the Bigeleisen-Mayer equation or the ratio of rate constants calculated using transition state theory), 35 pertinent atomic separations corresponding to forming and breaking bonds and the free energies of activation for each process. Additional views, as well as other relevant structures are provided in the Supplementary Information, computational section.
The computed transition states in Fig 1 represent what may loosely be termed concerted transition states for nucleophilic substitution reactions in which the departing trifluoromethanesulfonate anion retains some degree of association with the putative glycosyl oxocarbenium ion. While intrinsic reaction coordinate (IRC) calculations on each of these stationary points confirms that the single imaginary vibrational mode corresponds to nucleophile attachment to, and leaving group departure from, the anomeric carbon (see Supplementary Information for IRC data), the differing degrees of C-OTf bond cleavage and C-O i Pr bond formation indicate different relative positions along the reaction coordinate. The transition states for the formation of the α-glycosides (Figs 1A and 1C) are highly symmetrical, in that the bond to the incoming alcohol is similar in length to that of the departing triflate, whereas those corresponding to the formation of the β-anomers (Figs 1B and 1D) display nucleophile attachment ahead of leaving group departure. The differences in computed activation energies suggest that formation of the β-mannoside 4 should be very strongly favored over the α-anomer 3, whereas the same comparison for glucose indicates the α-anomer 7 to be considerably favored over the β-isomer 8 -the same preference observed experimentally in these systems on the preparative scale, and to a lesser extent in the present experiments owing to the necessary use of both excess Tf 2 O and limiting isopropanol; conditions which erode the selectivity due to suppression of the selective 'associative' mechanism relative to the competing unselective 'dissociative' mechanism. 21, 22 Importantly, the computed 13 C KIEs correspond quite well with the experimental values in these two cases ( Figs 1B and 1C) , i.e. 1.018 versus 1.023 for 4 and 1.025 versus 1.023 for 7. Furthermore, the calculated secondary 2 H KIE of 1.14 for the formation of the β-mannoside 4 is in good agreement with the value of 1.12 some of us measured previously. 30 The formation of the α-glucoside 7 through an apparent S N 2-like transition state deserves comment as experimentally only the α-glucosyltriflate 6 has been observed; [21] [22] [23] the implication being that a kinetic scheme is in operation in which the more stable α-glucosyltriflate is in rapid equilibrium with its less stable but more reactive β-isomer, or its functional equivalent a β-contact ion pair. This type of kinetic scheme in which the less stable of two isomers, that are in very rapid equilibrium on the reaction timescale, is the more reactive one leads to a situation in which the product distribution bears no relation to the ratio of starting materials is a manifestation of one of the two boundary conditions of the Curtin-Hammett principle. 36 The glaringly inconsistent result is that obtained for formation of the α-mannoside (Fig 1A) ; the computed 13 C KIE of 1.023 differs significantly from the average experimental value of 1.005 (Table 1 ). The implication is that α-mannoside formation does not proceed through the computed S N 2-like transition state of Fig 1A but rather takes place at the other end of the mechanistic spectrum through a dissociative process that at least approaches the intermediacy of a distinct oxocarbenium ion and a triflate anion. The inability of computational methods to locate such transition states, 16 without resort to artifact such as the inclusion of a further cation to neutralize the charge on the anion, owing to barrier less internal collapse is widely appreciated. This picture is fully consistent with the fact that the anomeric effect is significantly smaller in the glucopyranosides than in the mannopyranosides, 12,37 from which it follows that the CurtinHammett scenario involving a minor β-triflate or a closely related contact ion pair is more likely in the gluco-than in the manno-series. The recent demonstration of the existence of β-glycosyltriflates as stable species when the substitution pattern is favorable further supports the possibility of their intervention via a Curtin-Hammet kinetic scheme. 38 Overall, a picture emerges (Figure 2 ) featuring a series of equilibria encompassing at the extremes two covalent glycosy ltriflates, the corresponding contact ion pairs (CIP) and the more loosely associated solvent separated ion pairs (SSIP). For three of the four cases studied the glycosylation reaction has S N 2 character but as the KIE is at the lower end of the expected value for such a concerted process the transition states can be considered to be "exploded" and thus possibly in the grey area defined by reaction on a contact ion pair. For this reason the arrows depicting the formation of the two β-products and of the α-glucoside in Figure 2 originate between the covalent triflates and the corresponding CIPs. The exception that proves the rule is the formation of theα-mannoside 3 that is clearly dissociative in character and involves an intermediate that at least approximates a discrete glycosyl oxocarbenium ion. This picture represents what we consider to be the preferred pathways for the formation of the various isomers; it does not exclude the possibility of the existence of other minor pathways such as, for example, the formation of a fraction of the β-mannoside via an oxocarbenium ion-like species.
The transition states located for the formation of the two β-glycosides 4 and 8 (Figs 1B and 1D) are further characterized by the presence of a hydrogen bond between the acceptor alcohol and O3 of the donor, which prompts the pyranose ring to adopt a B 2,5 conformation in these TS structures. Similarly, the TS structure for the formation of α-glucoside 7 contains a H-bond, but this is now to O2 of the donor in a 4 H 3 conformation. Whitfield has previously suggested 16 that such H-bonds are important in directing glycosylation reactions. Our previous experimental work, 39, 40 however, indicates a commonality of mechanism for the formation of O-and C-glycosides, with no H-bonding possible in the latter, for benzylidene-directed glucosylation and mannosylation. Other experimental work from our laboratories 21, 22 confirms the role of C3 substituent in determining stereoselectivity but attributes it to the evolution of the torsional interaction between O2 and O3 as a function of the reaction co-ordinate; clearly further work is necessary to probe the influence of acceptordonor hydrogen bonding in these reactions.
Conclusion
In conclusion, the agreement between computed and experimentally determined primary 13 C KIE values strongly suggests that the 4,6-O-benzylidene directed β-mannosylation, and β-and α-glucosylation reactions proceed through loosely associative transition states in which the incoming nucleophile displaces the leaving group from a loosely bound covalent glycosyl triflate of the opposite configuration. In the case of α-glucoside formation the corollary of this observation is the invocation of a covalent β-glucosyltriflate, or of a β-contact ion pair, and the operation of Curtin-Hammett-type kinetics. The contrast between the computed KIE for the formation of the α-mannoside by a concerted pathway and the experimentally observed value strongly suggests a highly dissociative mechanism for this one example, which approaches the intermediacy of a discrete glycosyl oxocarbenium ion. The demonstration of associative transition states for three of the four reactions studied suggests that the concentrations of both glycosyl acceptor and donor may well impact the stereoselectivity of other glycosylation reactions in solution and points the way to the more rational optimization of reaction conditions. By the same token, the stereoselectivities of concentration dependent glycosylations cannot be expected to translate directly to reactions conducted on polymeric or other supports.
Methods
The 13 C NMR spectra for the KIE measurements were recorded at 200 MHz using a 90° pulse, an inter scan delay of 30 s, and 512 scans so as to meet the criterion of a minimum 200/1 signal to noise ratio necessary for the precise integrations required. Calculations were carried out using the Gaussian-09 suite of programs with the results visualized using GaussView 4.0 or 5.0. 41 All preparative, spectroscopic, and computational methods are reported in the supplementary information along with full characterization data for all new compounds.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Calculated (B3LYP) associative transition states for the reaction of isopropanol with 4,6-Obenzylidene protected manno-and glucopyransyl triflates leading to the formation of the α-and β-glycosides in each case. a) TS for α-mannoside formation, b) TS for β-mannoside formation, c) TS for α-glucoside formation, and d) TS for β-glucoside formation. For each transition state the calculated primary 13 C and secondary 2 H KIE values, the free energy of activation, the lengths of the partial bonds to the leaving group and to the nucleophile, and the approximate conformation of the pyranose ring are listed. Mechanistic picture for the 4,6-O-benzylidene-directed formation of α-and β-gluco-and mannopyranosides
